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Abstract—This paper presents results from the (to our knowl-
edge) first dynamic double-directionally resolved measurement
campaign at mm-wave frequencies for an outdoor microcellular
scenario. The measurements are performed with USC’s real-
time channel sounder equipped with phased array antennas that
can steer beams electrically in microseconds, allowing directional
measurements in dynamic environments. Exploiting the phase
coherency of the setup, the multi-path components can be tracked
over time to investigate the temporal dependencies of the channel
characteristics. We present results for time-varying path-loss,
delay spread, mean angles and angular spreads observed at the
transmitter (TX) and receiver (RX) in the presence of moving
vehicles and pedestrians. Additionally, we investigate excess losses
observed due to blockage by vehicles and compare the cases when
TX and RX are using fixed beams or when they are capable of
adjusting beam directions dynamically.
I. INTRODUCTION
CISCO estimated the global mobile data traffic in 2016 as
7 exabytes (EB, 1018 bytes) per month and forecast it to reach
49EB per month by 2021 [1]. One commonly anticipated
way to meet this ever-growing demand is to utilize the idle
spectrum available at millimeter-wave (mm-wave) frequencies.
Especially, 28GHz band attracts a lot of interest thanks to
comparatively lower hardware and implementation costs due
to relatively lower carrier frequency.
An accurate propagation channel model is essential for
designing and validating a wireless communication system. Due
to shorter wavelengths at mm-wave frequencies, the nature of
the propagation channels in that regime can be significantly
different from those sub 6GHz bands. Consequently, there
has been a growing interest in wireless propagation channel
measurements at mm-wave frequencies [2]. It is commonly
accepted that mm-wave systems will have to use beam-forming
arrays to overcome the higher pathloss experienced at higher
carrier frequencies [3] [2]. Hence an accurate model for the
angular statistics is crucial to assess system performance.
Moreover, in case of dynamic channels, an accurate model of
temporal characteristics of these angular statistics is imperative
for system design.
In this work, we use a 28GHz real-time, double-directional
mm-wave channel sounder allowing us to perform directional
measurements in dynamic channels [4], [5]. Instead of a ro-
tating horn, our channel sounder uses phased array antennas
to form beams that can be steered electronically. By using
measurements with this channel sounder, we investigate time-
varying PDP, path-loss, delay spread, mean angles and angular
spreads observed at the transmitter (TX) and receiver (RX) in
the presence of moving vehicles and pedestrians. Additionally,
we investigate excess losses observed due to blockage by
vehicles and compare the cases when TX and RX are using
fixed beams or when they are capable of adjusting directions
of beams dynamically. To the best of our knowledge, no
such measurements exist in the literature up to now. Most of
the directional measurements of sounders used in mm-wave
channels are based on rotating horn antennas which are not
suitable for the intended measurements here [6]–[8].
Conversely, most of the papers in the literature investigating
the dynamic channel characteristics for the mm-wave focus on
the shadowing effects of moving vehicles or humans when the
TX and RX antennas are fixed (they may be directional, but
cannot adapt their directions). In [9], the authors performed
30GHz indoor measurements with omnidirectional antennas
to investigate the human-induced variations. [10] proposes a
model for the fading due to human blockage at 73.5GHz
with Markov models by using measurements performed with
directional horn antennas with different beam-widths. [11]
measured the impact of people walking through/near the sig-
nificant paths between TX and RX at 60GHx. They found
that strongest outages (additional attenuation 15 dB or more)
occurred when both TX and RX are at/below height of the
walking people but smaller when one of the antennas was 2m
or higher. [12] presents the blockage characteristics at 28GHz
due to a stationary car. They compare path loss, delay spread
and angular spread with and without vehicular blockage for
static measurements. The references [13] and [14] investigate
shadowing characteristics due to vehicles and humans with
omnidirectional antennas at 28GHz. Both [15] at 76GHz and
[16] at 36GHz observed 20 dB attenuation due to blockage by
a truck.
However, none of those previous works is capable of pro-
viding directional information in dynamic channels. Hence
they can’t provide insights on the temporal dependencies of
the angular statistics, which are crucial for a mobile system
operating with beam-forming arrays.
The rest of the paper is organized as follows. Section II
introduces the channel sounder setup and the configuration used
in the measurements. Section III describes the measurement
environment and scenarios. Section IV discusses the evaluation
performed for the measurements results discussed in Section V.
Finally, Section VI summarizes results and suggests directions
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Table I
SOUNDER PARAMETERS
Hardware Specifications
Center Frequency 27.85 GHz
Instantaneous Bandwidth 400 MHz
Antenna array size 8 by 2 (for both TX and RX)
Horizontal beam steering -45 to 45 degree
Horizontal 3dB beam width 12 degrees
Vertical 3dB beam width 22 degrees
Horizontal steering steps 10 degrees
Beam switching speed 2µs
TX EIRP 36 dBm (max 57 dBm)
RX noise figure ≤ 5 dB
ADC/AWG resolution 10/15-bit
Data streaming speed 700 MBps
Sounding Waveform Specifications
Waveform duration 2 µs
Repetition per beam pair 1
Number of tones 801
Tone spacing 500 kHz
PAPR 0.4 dB
Total sweep time 400 µs
MIMO repetition per burst 20
Burst repetition 16.66 Hz
for future work.
II. CHANNEL SOUNDER SETUP
In this campaign, we used a switched-beam, wide-band
mm-wave sounder with 400 MHz real-time bandwidth [5].The
sounding signal is a multi-tone signal which consists of equally
spaced 801 tones covering 400 MHz. A low peak to average
power ratio (PAPR) of 0.4 dB is achieved by manipulating the
phases of individual tones as suggested in [17]. This allows
us to transmit with power as close as possible to the 1 dB
compression point of the power amplifiers without driving them
into saturation.
Both the TX and the RX have phased arrays capable of
forming beams which can be electronically steered with 5◦ res-
olution in the range of [−45◦, 45◦] in azimuth and [−30◦, 30◦]
in elevation. Compared to rotating horns, this decreases the
measurement time for each RX location from tens of minutes
to milliseconds. During this measurement campaign we only
utilize a single elevation angle 0◦ with 10 azimuth angles both
for the TX and the RX. The total sweep time is 400µs for 100
total beam pairs. Moreover, thanks to the beam-forming gain,
the maximum TX EIRP is 57 dBm, and the measurable path
loss is 159 dB without considering any averaging or processing
gain. By using GPS-disciplined Rubidium frequency references,
we were able to achieve both short-time and long-time phase
stability. Combined with the short measurement time this limits
the phase drift between TX and RX, enabling phase-coherent
sounding of all beam pairs even when TX and RX are physi-
cally separated and have no cabled connection for synchroniza-
tion. Consequently, the directional power delay profiles (PDP)
can be combined easily to acquire the omnidirectional PDP.
Table I summarizes the detailed specification of the sounder and
the sounding waveform. References [5], [18] and [19] discuss
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Figure 1. Measurement environment
further details of the sounder, validation measurements and
prior channel sounding campaigns performed with the same
channel sounder.
III. MEASUREMENT CAMPAIGN
The measurements were performed on an urban street in the
University of Southern California University Park Campus in
Los Angeles, CA, USA. TX and RX were always placed across
the street from each other as shown in Figure 1. The RX height
is 1.8m while the TX height was changed to 2.5m, 3.5m and
4.5m.
From the TX and RX orientations shown in the Figure 1, the
following TX-RX pairs were measured:
• Case 1: TX 1 to RX 1
• Case 2: TX 1 to RX 2
• Case 3: TX 2 to RX 3
In Cases 1 and 3, a LOS exists when the environment is idle
but it may or may not be blocked by passing cars, buses or
trucks. For Case 2, although TX and RX have a visual LOS,
they are placed so that TX and RX are out of each others visible
azimuth range, i.e., their beams do not point towards each other.
Each SISO measurement takes 4µs consisting of 2µs sound-
ing waveform and 2µs guard time for electronical beam-
switching. Although the channel sounder is capable of beam-
steering with 5◦ steps covering ±45◦, to decrease the mea-
surement time we used every other beam resulting in 10◦
angular resolution. Consequently, both TX and RX perform 90◦
azimuth sweeps measuring 100 beam pairs in only 400µs. A
single sweep of all possible combinations of TX and RX beams
is called a MIMO snapshot. In a burst, 20 MIMO snapshots
were measured without any idle time in between. This allows us
to estimate Doppler shifts up to ±1.25 kHz which corresponds
to a maximum relative speed of 48 kph at 28GHz, which is
larger than the maximum permissible speed on the measured
street.. Furthermore, these bursts of MIMO measurements were
repeated 200 times with a period of 60ms to track evolution of
channel parameters as they change due to moving objects in the
environment. This configuration provides us a unique capability
of performing double-directional measurements under dynamic
conditions and investigate the effects of moving objects on the
angular channel characteristics and Doppler spectrum.
IV. DATA EVALUATIONS
The directional power delay profile (PDP) for the TX beam
and RX beam with the azimuth angles θTX and θRX is
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Figure 3. PDP vs time
estimated as;
P (θTX , θRX , τ) =
∣∣∣∣F−1 {HθTX ,θRX (~f) ./Hcal (~f)} ∣∣∣∣2 (1)
where θRX ∈ [−45, 45], θTX ∈ [−45, 45], F−1 denotes
inverse Fourier transform, HθTX ,θRX (~f) and Hcal(~f) are the
frequency responses for TX beam θTX and RX beam θRX
and, the calibration response respectively; ~f is the vector of
the used frequency tones, and ./ is element-wise division. The
specular multi-path components (MPCs) were then detected by
performing a 3D (DoA, DoD, and delay) peak search. The
ghost MPCs due to sidelobes of the beams were filtered out
as described in [4]
V. MEASUREMENT RESULTS
A. Case 1 : Blocking Objects
In this scenario, we observe two main MPCs while the
channel is idle; the LOS path and a reflection as shown in
Figure 2. The actions during this measurement can be listed
as;
• The measurements start with an idle channel,
• a bus enters to the street moving right to left,
• the bus blocks the LOS at t = 5s,
• the bus blocks both the LOS and the reflection at t = 8.5s,
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Figure 4. Power of the MPCs vs DOA/DOD and time
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Figure 5. Mean angles and angular spreads vs time
• the bus stops in front of the RX while still blocking the
two main paths.
Figure 3 shows the PDP versus time, at t = 0s the two
dominant paths, LOS and the reflection can be seen at the
delays of 51m and 57.75m respectively. The corresponding
angular spectra for TX and RX are shown in Figure 4. The
LOS path is at [θTX , θRX ] = [−15,−25] and reflection, is at
[θTX , θRX ] = [35,−35].
The effects of a bus blocking the RX on the delay and angular
dispersion are visible in the figures as well. As seen in Figure 5,
due to the two dominant paths with similar DoAs and different
DoDs, initially the angular spread for DoA is as small as 5◦
while it is 20◦ for DoD. Once the bus blocks the RX sector
almost completely, the only strong paths are through the bus
or diffracted around the bus. Consequently, The angular spread
for the direction of departure (DoD) is limited compared to
the direction of arrival (DoA). Once both dominant paths are
blocked the root mean square delay spread (RMS-DS) increases
from 12 ns to approximately 40 ns, Figure 6.
Figure 7 shows the temporal variations of the path gains for
the two dominant RX-TX beam pairs. Between t = 5s and
t = 8.5s, if both TX and RX can select the best beam then
the excess loss is 9 dB compared to the 20 dB if we use fixed
0 2 4 6 8 10 12
Time (s)
10
20
30
40
50
R
M
S-
D
S 
(ns
)
Figure 6. Root mean square delay spread vs time
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Figure 7. Path gains for best two beam-pairs vs time
beams. This shows that beam direction adaptation is essential
not only for mm-wave systems in mobile scenarios, but also
with fixed TX and RX if significant blockage can occur.
B. Case 2 : Moving Scatterers
In a second measurement, both TX and RX are placed
facing the same direction so that they are out of each other’s
visible azimuth range. We can thus observe moving scatterers
without a dominant LOS. Figure 8 shows the details about the
measurement snapshot presented in this section. During 12 s,
we observe 4 moving objects; Car #1 and Pedestrian #1 are
coming towards the TX and RX starting from t = 0s. The
tracked MPCs corresponding these two objects are marked as
Car #1 and Ped #1 in Figure 9. Furthermore, these objects
are also clearly visible in the Doppler spectrum with positive
Doppler shifts as expected, see Figure 10.
After t = 6s, Car #2 and Ped #2 enter the picture and move
away from TX and RX. Between time t = 9s and t = 11s,
Ped #1 blocks the path from Car #2 to RX. Their effect on the
Doppler spectrum is also marked in Figure 10. The speeds of
all four objects estimated speeds from the Doppler spectrum
matches with the video recordings captured simultaneously
with the measurements.
Due to fast moving objects in the environment, and their
interactions with each other (e.g., Ped #1 shadowing Car #2 )
the angular spectra for the TX and the RX change quickly.
As seen in Figure 11, between t = 5 and t = 8, the
mean DoA varies in between −10◦ and 10◦ continuously.
During the same time period, angular spread for DoD varies
from 12◦ to 31◦. Figure 12 shows the evolution of the path
gains for four different beam pairs over time. The beam pair
#1 at [θTX , θRX ] = [−5, 5] point towards a static reflector
Figure 8. Moving Scatterers
Figure 9. Temporal evolution of the multipath components
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Figure 10. Doppler spectrum for case 2
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Figure 11. Mean angles and angular spreads vs time for Case 2
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Figure 12. Path gains for best beam-pairs vs time for Case 2
and has a roughly constant gain of −115 dB throughout this
snapshot. Although at times due to moving reflectors, the other
three beams surpass the beam pair #1 by as much as 10 dB,
this improvement is temporary and never lasts more than 1 s.
Depending on the overhead of finding the best beam and the
required time to update both RX and TX beams, it might not
be optimum to use an approach which constantly looks for the
best beam. Other approaches such as remaining at a beam pair
which is “good” enough or implementing a trigger hysteresis
for beam update should be considered as well.
C. Case 3 : Blocked LOS
These measurements were performed with TX 2 and RX 3
in Figure 1. In this case, a strong LOS is present with no other
significant reflections. During the measurements, the LOS was
blocked by a moving bus in between t = 6s and t = 8s.
Figure 13 shows the time-variant path gain. Due to the
metallic parts of the bus in the front and the back, we observe
excess losses up to 24 dB. In this particular case, it takes
120ms for the excess loss to reach to 24 dB and it stays in
the shadowing dip for 240ms. As the bus continues to move,
the type of material blocking the direct path changes between
metal and glass, hence the excess loss varies between 5 dB
and 15 dB for 1.14 s. As the back end of the bus blocks the
direct path, we observe another fading deep lasting 270ms.
Afterwards, the excess loss returns to 0 dB in 300ms as the
bus clears the area.
Figure 14 shows the time-varying RMS-DS for the same
duration. While the channel is idle the RMS-DS is around
6.5 ns. The RMS-DS is increasing as high as 50 ns during
the aforementioned fading dips observed as the bus enters and
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Figure 13. Path gain vs time for Case 3
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Figure 14. RMS-DS vs time for Case 3
exits the area between the TX and RX. During the rest of the
blockage, the RMS-DS varies 6 ns to 15 ns. Figure 15 shows
the angular statistics. Similar to the RMS-DS, the effect of the
moving bus on the angular spectra is prominent while the bus
enters or exits the visibility of the TX and the RX. Additionally,
as the bus is in view (i.e. between t = 6s and t = 8s) both the
mean angles and the angular spread vary continuously.
VI. CONCLUSIONS
In this paper, we presented results from a double-
directionally resolved measurement campaign at mm-wave fre-
quencies for an outdoor microcellular scenario. The unique
capabilities of the channel sounder allowed phase-coherent
measurements enabling investigations into the temporal channel
characteristics. We provided results for three scenarios focusing
on angular spectrum, delay spread, and Doppler spectrums. We
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Figure 15. Mean angles and angular spreads vs time for Case 3
also gave examples of evolutions of these channel parameters
in a dynamic channel.
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